Introduction
Periodic honeycombs have been used to create lightweight structures with high stiffness/strength-to-density ratios [1] . Wicks and Hutchinson [2] investigated the structural efficiency of sandwich plates with truss lattice cores and honeycomb cores under 3-point bending. They demonstrated that the minimum weight of a hexagonal honeycomb core sandwich plate was less than those of truss lattice core sandwich plates as well as a monolithic plate. Liu et al. [3] investigated the multifunctional performance of honeycomb core sandwich cylinders under simultaneous internal pressure and active cooling. They demonstrated that the sandwich constructions were more weight efficient than a monolithic structure while providing the additional benefit of an active cooling function. Hutchinson and Xue [4] demonstrated that a well-designed square honeycomb core sandwich plate could sustain significantly larger blast impulses than a solid plate of the same mass.
The in-plane topology of honeycombs can be designed to have either a 'bending-dominated' deformation mode under macroscopic in-plane stresses, such as hexagonal and square honeycombs, or a 'stretching-dominated' deformation mode, such as triangular honeycombs. owing to structural buckling [6] . 3 Periodic, hierarchical honeycombs have recently emerged by combining in-plane geometrical elements at different length scales, see [4, 7, 8] and Fig. 1 . Oftadeh et al. [9] investigated the in-plane mechanical behaviour of hierarchical honeycombs with various hierarchical levels.
They found that increasing the hierarchical level could significantly increase the in-plane effective elastic modulus of the honeycomb. For example, the two-scale and three-scale hierarchical honeycombs were 2.0 and 3.5 times, respectively, stiffer than the standard hexagonal honeycomb with identical relative density [8] . Hierarchical honeycombs also have higher in-plane collapse strength than standard hexagonal honeycombs with identical relative density [7] . With increasing hierarchical level, there is a transition of in-plane failure mode from elastic buckling to plastic buckling [10] . However, increases in the in-plane collapse strength were only seen to be significant for the first, second and third levels of hierarchy; higher hierarchical level did not significantly increase performance [7] .
The out-of-plane stiffness and strength of periodic honeycombs are much greater than those along the in-plane directions [4, 7, 11] . For example, the out-of-plane compressive strength of aluminium hexagonal honeycomb is 2 times greater than the in-plane compressive strength [11] . Extensive studies on the out-of-plane compressive behaviour of regular honeycombs have been reported in the literature [12] [13] [14] [15] [16] . As reported by Radford et al. [12] , stainless-steel square honeycombs with relative density 0.1   failed with torsional plastic buckling under quasi-static out-of-plane compression. Using Kolsky pressure bar testing with a striker velocity up to 300 ms -1 , they found that the dynamic compressive response was governed by three distinct mechanisms: material rate sensitivity, inertial stabilization of the webs against buckling, and plastic wave propagation [12, 13] . Tao et al. [14] investigated the out-of-plane dynamic behaviour of hexagonal thin-wall aluminium honeycombs using a Split Hopkinson
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Pressure Bar (SHPB) at strain rates up to 1350 s -1 . They found that the failure mode was plastic buckling with significant strain rate enhancement, and that the buckling location and sequence depended on the strain rate and size of honeycomb cells.
Understanding of the out-of-plane compressive behaviour of metallic hierarchical honeycombs, however, is not well established. Numerical investigation has suggested that hierarchical honeycombs may possess improved energy absorption capability and greater resistance to out-of-plane crushing compared to regular honeycombs [16] . However, the manufacturing issue of hierarchical honeycombs was not considered in the numerical investigation. Conventional manufacturing approaches may encounter difficulty in manufacturing metallic hierarchical honeycombs owing to their complex 3D geometries.
Selective Laser Melting (SLM), a layer-by-layer additive manufacturing technique, can be employed to overcome this difficulty. It is a cost-effective process to manufacture structural components whose geometrical complexity is prohibitive for conventional manufacturing technologies [17, 18] . In this paper, we aim to gain insight into the behaviour of SLM manufactured metallic hierarchical honeycombs under static and high strain rate, out-of-plane compression, through both experimental measurement and numerical simulations. The outcome will provide the basis for the development of high performance, SLM manufactured, hierarchical honeycomb core sandwich structures. The outline of the paper is as follows. The materials and manufacturing methodology for honeycombs are presented in Section 2. In Section 3, the quasi-static and dynamic experimental protocols are explained. The finite element simulation is described in Section 4 and in Section 5, the experimental and simulation results are discussed.
Material and manufacturing
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The honeycomb specimens
Three types of cylindrical honeycomb specimens were manufactured using Selective Laser Melting (SLM): single-scale, two-scale and three-scale, schematics and photographs of the honeycombs are shown in Fig. 1 (a) and (b), respectively. They were made from AlSi10Mg alloy. Throughout this paper, the global coordinates are defined with the 3-axis aligned with the out-of-plane direction of the honeycombs, and the 1-axis and 2-axis representing the in- The design is motivated by Bauer, et al. [19] , which demonstrates that it can offer higher specific compressive strength than typical, straight-walled honeycomb geometry. 
Manufacturing
A Renishaw AM250 SLM machine was used to manufacture the specimens, comprised of dog-bone shaped coupons and the honeycombs. The principal chemical composition of the constituent material of AlSi10Mg powder contains Al 88.9 wt%, Si 10.7 wt%, Mg 0.5 wt%, and the powder particle size ranges from 15 μm to 110 μm. The optimised manufacturing process described in [20, 21] was adopted to produce parent material with minimal porosity. The specimens were manufactured under argon atmosphere with an oxygen content less than 0.09%. Both the honeycombs and dog-bone shaped coupons were manufactured with their 3-axis along the SLM build direction. The mechanical behaviour of the AlSi10Mg alloy parent material was characterised via coupon tensile tests, as described next.
Quasi-static tensile coupon tests of the parent material 7
In order to characterise the mechanical behaviour of the AlSi10Mg alloy parent material, quasi-static uniaxial tensile tests were conducted using dog-bone shaped coupons and the method described by ASTM standard E8/E8M [22] . The SLM manufactured test coupons had dimensions of gauge length 45 mm and diameter 9 mm, as schematically shown in the insert of Fig. 2 . The coupons were manufactured with the longitudinal direction of the coupons aligned with either the 3-axis or 1-axis (2-axis). The uniaxial tensile stress was measured using an Instron 5581 screw-driven testing machine at a constant extension rate of 0.5 mm/min. A single Stingray F146B Firewire Camera video gauge was used to measure the corresponding nominal strain. Figure 2 shows the measured nominal stress-strain relationship using the coupons with longitudinal direction aligned with either 3-axis or 1-axis (which was shown experimentally to be nearly identical to the 2-axis). . However, the coupon aligned with the 1-axis (or 2-axis) has higher tensile strength and greater ductility than that aligned with the 3-axis. Similar anisotropy has been seen in previous work and ascribed to microstructural anisotropy stemming from the asymmetric heat flux during laser irradiation and cooling and from the preference for flaws to align in this direction [23] . The microstructures of the SLM manufactured AlSi10Mg alloy using the same materials and process as used in this study have been previously reported by Aboulkhair et al. [24] .
The experimental results shown in Fig. 2 are comparable to those of the SLM manufactured AlSi10Mg alloy reported by Kempen et al. [18] . The tensile behaviour in the 1-axis or 2-axis direction was nearly identical to that of the cast AlSi10Mg alloy as reported by Manfredi et 8 al. [25] and Joseph et al. [26] . In Section 4, the uniaxial tensile test results are used as the input of the constitutive model employed in the finite element simulations.
Experimental protocols for honeycombs under compression
Quasi-static compression testing
Quasi-static out-of-plane compression tests were conducted using an Instron ® 5581 screwdriven testing machine with a constant displacement rate of 2 mm/min in the out-of-plane direction (3-direction in 
Dynamic compressive testing
The dynamic out-of-plane compressive response of the SLM manufactured honeycombs was measured via a set of direct impact tests with a strain-gauged Kolsky pressure bar setup [12, 27, 28] , as shown in Fig. 3 . Two types of impact test were employed: back face and front face impact. For back face impact, a striker was accelerated through the gun barrel to impact a sample adhered to the impact end of the Kolsky bar with a low strength adhesive material, see Fig. 3 (a). For front face impact, a sample adhered to a striker was fired from the gun The stress history was recorded as a voltage change from the strain gauges, which was amplified by a Vishay 2310B signal conditioning amplifier system before being recorded on an Instek GDS-1052-U 50 MHz 2-channel Digital Oscilloscope. During signal capture, the two strain gauges on diametrically opposite sides allowed for a simple check of any bending in the Kolsky bar. Bending will produce sinusoidal oscillations with a π phase-difference between the two channels. If negligible bending was recorded during the testing, the results were accepted and the average value of the two gauges was taken.
Three cylindrical strikers of different masses were employed in the impact tests in order to , and the deceleration is negligible for the higher velocity impact events, e.g. , and (ii) striker mass has a small effect on the compressive response under the higher velocity impact. The striker was accelerated using a pressurised gas gun of barrel High-speed photography was also employed to measure the response of the honeycomb specimens; the frame rate was typically 70,000 fps and the exposure time was 8 μs. As indicated in Section 5.2.1, the force equilibrium in honeycomb specimen was achieved wthin the time scale of the dynamic compression.
Calibration of the Kolsky pressure bar was conducted via direct impact of a striker (without a specimen) to trigger a stress wave within the bar. For quasi-static compression, the movable rigid plate imposed compressive loading on the sample with a constant velocity. To ensure the simulation was quasi-static, the velocity was controlled so that the kinetic energy was under 5% of the total energy in the system. In the dynamic simulation, the movable rigid plate was associated with a point mass and an initial velocity that were identical to those of the strikers employed in the experiment. For front face impact, the honeycombs were tied to the movable rigid plate and moved with the rigid plate to impact on the clamped rigid surface. For back face impact, the honeycombs were tied to the clamped rigid plate and crushed by the movable rigid plate. High-speed photographs of the experiments showed that negligible sliding occurred at the interfaces between the honeycomb, the striker and Kolsky bar. Hence, the tie constraint is appropriate. For all calculations, a penalty contact approach was employed to simulate the interaction between all the surfaces, with friction coefficient 0.5. This was sufficient as tests showed that the simulation results were not sensitive to the value of the friction coefficient employed in the calculations. 
The constitutive model and material parameters
The constitutive model for the parent material of the honeycombs, AlSi10Mg alloy, should include elasticity, rate dependent plasticity, and damage. The elastic response was modelled using a linear elasticity model for an isotropic solid with Young's modulus E and Poisson's ratio  . E and  were measured via a uniaxial coupon tensile test, see Section 2.3. For the quasi-static simulation, the J2 yield criterion in conjunction with isotropic hardening was employed to model plasticity of the material. The experimental data obtained from coupon uniaxial tension along both 3-axis and 1-axis/2-axis ( Fig. 2) were used as the inputs to the constitutive model to specify the yield stress-plastic strain relationship. However, the data 
where f G is the fracture energy, e L the characteristic element size and s  the yield stress at the initiation of damage. The fracture energy f G is defined as Table 1 . Figure 2 shows the predicted 1-axis/2-axis tensile stress-strain relations at strain rates ranging from 3 
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 s -1 to 5000 s -1 . The strain rate effect enhances the strength and increases the ultimate elongation of the parent material. . It is notable from this that both hierarchical honeycombs showed similar peak nominal wall stresses that were significantly higher than seen with the single-scale honeycomb.
Results and discussion
Quasi-static compression
Experimental measurement and numerical prediction
The single-scale honeycomb failed by local plastic buckling of walls followed by damage close to the base. The finite element simulation successfully captured this failure mechanism.
The peak compressive stress of the honeycomb was achieved at the onset of damage. Further development of damage within the honeycomb walls led to a significant decrease of the compressive stress ( Fig. 5 (a) ). The two-scale honeycomb failed with damage close to the bottom support, see 
Effect of relative density on quasi-static compression
As mentioned in Section 2.1, the geometrical parameters of honeycomb samples were limited by the manufacturing resolution of the SLM manufacturing facility, and the three types of 
Dynamic compressive response of the honeycombs
Back face impact
In this section, we first examine the dynamic response of the honeycombs shown in Fig. 1 . , there were more elastic-wave reflections because the time increased before achieving peak compressive stress of honeycombs. Thus, the force equilibrium has been achieved when measuring the peak compressive strength of honeycombs [30] . As shown in electronic supplementary material, ( Fig. 10) , the plastic buckling damage in single-scale honeycomb was less significant owing to the micro inertial effects.
Finite element simulations captured the failure mechanisms accurately, with element deletion activated when the peak stress was achieved (d =1).
As the response under the lower velocity impact ( 
Effect of strain rate sensitivity of the parent material
As mentioned in Section 5.2.1, the strain rate dependency of the parent material is a key factor for dynamic strength enhancement of the honeycombs. To further understand this, ), the effect becomes significant.
Concluding Remarks
The The insert shows the geometry of the dog-bone coupon employed in the quasi-static test. 
